Airway mucus is a complex mixture of secretory products that provides a multifaceted defense against pulmonary infection. Mucus contains antimicrobial peptides (e.g., defensins) and enzymes (e.g., lysozyme) although the contribution of these to airway sterility has not been tested in vivo. We have previously shown that an enzymatically active, heme-containing peroxidase comprises 1% of the soluble protein in sheep airway secretions, and it has been hypothesized that this airway peroxidase may function as a biocidal system. In this study, we show that sheep airway peroxidase is identical to milk lactoperoxidase (LPO) and that sheep airway secretions contain thiocyanate (SCN Ϫ ) at concentrations necessary and sufficient for a functional peroxidase system that can protect against infection. We also show that airway LPO, like milk LPO, produces the biocidal compound hypothiocyanite (OSCN Ϫ ) in vitro. Finally, we show that in vivo inhibition of airway LPO in sheep leads to a significant decrease in bacterial clearance from the airways. The data suggest that the LPO system is a major contributor to airway defenses. This discovery may have significant implications for chronic airway colonization seen in respiratory diseases such as cystic fibrosis.
The airway mucosa provides a sophisticated defense against inhaled toxins and particles, including infectious disease agents. The nonimmunologic airway defense is composed of a physical barrier (epithelial cells and secreted mucus), mechanical clearance (cilia and cough), immunoglobulins, and chemical/biocidal components (e.g., lysozyme and defensins), which are secreted into the mucus. In addition to mucosal products, leukocytes contribute to innate mucosal defenses. Neutrophil myeloperoxidase (MPO) uses H 2 O 2 to oxidize chloride (Cl Ϫ ) or thiocyanate (SCN Ϫ ) to hypochlorite or hypothiocyanite (OSCN Ϫ ), respectively, and both are antibacterial (1) . Similarly, in milk, lactoperoxidase (LPO) uses H 2 O 2 to catalyze the conversion of SCN Ϫ to OSCN Ϫ (2) . It has been shown that the airway mucosa secretes a peroxidase, and it was suggested that it is also active in preventing infection of the airway (3) (4) (5) (6) . This hypothesis was premised on the known functions of other related heme-peroxidases such as MPO and LPO and on histochemical studies of the respiratory tract that showed airway goblet cells and submucosal glands contain a peroxidase localized to the cellular secretory apparatus.
Our previous biochemical studies of H 2 O 2 scavenging activity of sheep airway mucus showed that a single peroxidase is a major component of secreted tracheal mucus and is responsible for the majority of H 2 O 2 scavenging activity in sheep airway secretions (6, 7) . These studies also showed that the secreted sheep airway peroxidase, though different in size from bovine milk LPO, had strong enzymatic resemblance to milk LPO, and thus, by analogy, also suggested that it might be an important contributor to the sterility of healthy airways. In this report, we have determined the molecular identity of sheep airway peroxidase by amino acid sequencing of the purified protein and nucleotide sequencing of complementary DNA (cDNA) clones isolated from sheep tracheal messenger RNA (mRNA). We also examined sheep airway secretions for SCN Ϫ that is necessary to complete a functional peroxidase biocidal system in the airway. Finally, we tested the hypothesis that airway peroxidase is directly involved in the maintenance of airway sterility using an in vivo sheep model.
Materials and Methods
All materials were obtained from Sigma Chemical Co. (St. Louis, MO) unless otherwise noted.
Purification and Amino Acid Sequencing of Sheep Airway Peroxidase
Ovine tracheal secretions were collected by lavage with phosphatebuffered saline (PBS), pH 7.4, and centrifuged to pellet contaminating cells and any cellular debris, as described previously (6, 7) . The fluid was adjusted to pH 8.0, 0.01 M NaPO 4 , 0.04% Tween 20, and passed sequentially through filters of increasing retention, culminating with 0.45 m pore membrane. The filtrate was applied to S-sepharose and eluted with a gradient of NaCl (0.15 to 0.5 M) in the same buffer. Peroxidase activity fractions were then pooled and loaded onto agarose conjugated with Lens culinaris lectin and eluted with 0.5 M ␣ -methyl mannoside in 0.05 M NaPO 4 , 0.04% Tween 20. Sheep milk LPO was purified by CG-50 ion exchange chromatography. Bovine milk LPO was obtained from Sigma Chemical Co. and canine MPO was a generous gift of Dr. Roger Fenna (University of Miami, Miami, FL) (8) .
For amino acid sequencing, the purified sheep airway peroxidase was precipitated with 10% trichloroacetic acid and cleaved by overnight incubation in 70% trifluoroacetic acid saturated with cyanogen bromide (CNBr). Peptides were resolved on Tris-Tricine sodium dodecyl sulfate (SDS) gels (9), transferred to Immobilon-P SQ paper (Millipore, Bedford, MA), and sequenced by the Protein Chemistry Core Facility at the University of Florida (Gainesville, FL).
Enzyme and Substrate Assays

OSCN
Ϫ forming activities of purified sheep airway LPO, sheep milk LPO, and bovine milk LPO were assayed in triplicate in 0.3 mM H 2 O 2 , 1 mM potassium thiocyanate (KSCN), 50 mM NaPO 4 , pH 7.0, using 10 mM p-carboxybenzene sulfonamide to trap OSCN Ϫ . Assays were carried out for 5 min at 37 Њ C and stopped by the addition of catalase before measurement using 5,5 Ј -dithio-2-nitrobenzoic acid (10) . Sheep airway LPO and sheep milk LPO were also assayed by measuring oxidation of 3,3 Ј ,5,5 Ј -tetramethylbenzidine (TMB) in the presence of varying concentrations of NaI, as described previously (6) . TMB oxidation product was measured on a Perkin Elmer (Norwalk, CT) Lambda 3b recording spectrophotometer by following increases in absorbance at 652 nm during the initial 2 min of the reaction. Activity was expressed relative to assay values in the absence of NaI. SCN Ϫ was assayed by the ferric nitrate method (11) .
Isolation of cDNA Clones
Mucosa was manually stripped from excised sheep trachea and frozen until mRNA was prepared. Total RNA was purified according to Chomczynski and Sacchi (12) , and mRNA was isolated using oligo dT coupled to magnetic beads. Double-stranded cDNA was synthesized using the Superscript kit (Life Technologies, Gaithersburg, MD) and was size-fractionated before directional insertion into the plasmid pSPORT1 (Life Technologies). The two largest size classes each gave over 10 6 independent transformants from the sheep library, in Escherichia coli DH10B. The bacteria containing this library was screened for cDNA clones representing peroxidase mRNA using degenerate oligonucleotides derived from conserved regions of peroxidase nucleotide and protein sequences ( Figure 1 ). DNA sequencing was performed by the DNA Core, University of Miami School of Medicine. Sequence alignments were performed using the Wisconsin Package (GCG, Madison, WI).
Northern Blots
Sheep tissues were excised and frozen at Ϫ 70 Њ C until preparation of total RNA using Ultraspec (Biotech Laboratories, Houston, TX). Three micrograms of total RNA were run on 1% agarose-formaldehyde gels, transferred to nitrocellulose, and sequentially hybridized with probes to ovine airway LPO and ovine glyceraldehyde phosphate dehydrogenase (GAPDH). Probes were prepared using either a 2,000-bp fragment of ovine airway LPO cDNA or a 217-bp fragment of sheep GAPDH that was purified and labeled by random priming in the presence of [ ␣ 32 P]deoxycytidine triphosphate (NEN, Boston, MA). Blots were hybridized at 50 Њ C in 6 ϫ saline sodium phosphate EDTA with 50% formamide, washed in 0.1 ϫ saline sodium citrate at 52 Њ C and quantitated using a PhosphorImager (Molecular Dynamics, Sunnyvale, CA).
Bacterial Challenge of Sheep Airways
Aerosol treatments and bacterial clearance was performed as described previously (13) . Sheep were pretreated by aerosols with 3 ml of 10 Ϫ 3 M dapsone in PBS or with PBS alone. Dapsone is an inhibitor of heme-peroxidases that under some conditions will distinguish MPO from LPO (14) and from airway peroxidase (6) . Control sheep and pretreated animals were challenged with Pasteurella haemolytica (American Type Culture Collection [ATCC] no. 29698). P. haemolytica cultures (100 ml) were grown overnight at 37 Њ C in a rotary water bath, collected by centrifugation, resuspended in 10 ml of PBS, and 3 ml, containing on average 1.6 ϫ 10 9 (standard error [SE] Ϯ 3 ϫ 10 8 ) colony-forming units (CFU), were delivered to sheep by aerosol. Immediately, 30 min, 1 h, and 3 h after challenge, samples of tracheal surface fluid were collected by cytology brush through a bronchoscope. Brushes were vortexed in 1 ml of saline and the saline used for quantitative bacterial cultures to determine the number of CFU (13) . To control for variations between inocula, CFU at each time point were normalized to that obtained immediately after challenge. Samples from all sheep at the initial time point averaged 9.1 ϫ 10 6 /sample (SE Ϯ 3.2 ϫ 10 6 ) CFU. The day before experiments, the tracheas were identically sampled and cultured to rule out prior infection of the airway. The day after experiments, animals were treated with antibiotics to prevent pneumonia.
Nonparametric statistics were used to compare differences among groups at each time point by the Kruskal-Wallis test. If the null hypothesis was rejected, a post hoc multiple comparison procedure was used to determine which pairs of treatments were different. A P value of Ͻ 0.05 using a two-tailed test was considered significant.
Results
Peroxidase mRNA Expressed in Sheep Airways
To determine the molecular identity of airway peroxidase and to further our understanding of the potential variety of other peroxidase transcripts that may be found in airways, peroxidase cDNAs were cloned from a sheep tracheal cDNA library. Degenerate oligonucleotides were made from four regions of high nucleotide sequence similarity between the mammalian heme-containing peroxidases, MPO, milk LPO, eosinophil peroxidase (EPO), and thyroid peroxidase (TPO) (Figure 1 ). These were used to probe a sheep tracheal mucosa cDNA library. Polymerase chain reactions using the sheep tracheal cDNA and combinations of these oligonucleotides, as well as an SP6 promoter oligonucleotide, amplified fragments of predicted sizes. The nucleotide sequence of each fragment showed high sequence identity (85 to 100%) to bovine LPO. Hybridization screening of the sheep cDNA library using oligo II identified several clones. The two longest cDNAs were sequenced ( Figure 2 ) and were 96% identical to bovine LPO (E.C. 1.11.1.7) and 80% identical to human milk and salivary LPO. Restriction analysis demonstrated that the other cDNAs were fragments of the longest clone. All of the clones were less related to human MPO (55% iden- Figure 1 . Degenerate oligonucleotide primers. Highly conserved nucleotide sequences of LPO, EPO, MPO, and TPO were identified and synthesized in forward (oligos I and II) and reverse (oligos III and IV) directions. Numbering is that of human preproMPO (PIR locus OPHUM). Amino acids that differed from the consensus are underlined. tity), EPO (56% identity), or TPO (49% identity). Thus, only LPO sequences were detected in the tracheal mucosa cDNA library, strongly suggesting that airway peroxidase was identical to LPO.
Comparison of the predicted amino acid sequence of sheep airway LPO to bovine milk, human milk, and salivary LPOs showed that all potential Asn-linked glycosylation sites were conserved between sheep airway LPO and bovine milk LPO. Comparison of both these sequences to human salivary LPO showed that human LPO contained one less potential Asn-linked glycosylation site.
The tissue distribution of LPO mRNA was investigated in the sheep respiratory tract by Northern blot analysis ( Figure 3) . LPO mRNA was detected in the conducting airways but was greatly reduced in lung parenchyma. Higher levels were seen in the bronchi than in the trachea, Figure 2 . Nucleotide sequence of ovine airway peroxidase. The complete sequence of the longest clone is shown (Genbank accession no. AF027970). The underlined protein sequence was confirmed by amino acid sequence analysis. Nucleotide 1957 (bold) was determined to be a C in the other cDNA isolated by hybridization screening.
perhaps reflecting higher levels of nonepithelial tissues in the trachea. The near absence of peroxidase message in lung parenchyma suggests that LPO does not contribute to the peroxidase activity found in alveoli and previously identified by others as glutathione peroxidase (15) .
The higher variability seen in third through fifth generation bronchi may reflect differences in dissection that lead to inclusion of different amounts of parenchyma with these smaller airways.
Amino Acid Sequence and Enzymatic Activity of Airway Peroxidase
To confirm that the airway peroxidase was LPO, as suggested by the sequences of the isolated cDNAs, purified sheep airway peroxidase ( Figure 4 ) was compared with sheep milk LPO on SDS gels and used for amino acid sequence analysis. Sheep milk LPO comigrated with sheep airway peroxidase, indicating that the previously reported apparent molecular weight (MW app ) difference between sheep airway peroxidase and bovine milk peroxidase was due to species differences.
The N -termini of the purified sheep enzyme appeared to be blocked as reported for bovine LPO (16) , and peptide fragments were generated by CNBr treatment. One internal peptide was sequenced and was identical to a region of the amino acid sequence deduced from the airway LPO cDNA and to bovine LPO. The sequence of this peptide is shown in the bottom panel of Figure 4 . Comparison with the aligned amino acid sequences of other LPOs and with other heme-peroxidases shows that the peptide is most likely derived from LPO. Thus, based on amino acid sequencing and cDNA sequences, airway peroxidase is LPO that is synthesized and secreted by the airway mucosa. The difference in apparent molecular weight between sheep and bovine LPO must be due to differences in postsynthetic modifications as suggested previously for rat LPOs (17) because their amino acid sequences were virtually identical.
To demonstrate that airway LPO, like milk LPO, is capable of catalyzing the formation of hypothiocyanous acid (HOSCN)/OSCN Ϫ , purified sheep airway LPO and sheep milk LPO ( Figure 4) were assayed for H 2 O 2 -dependent OSCN Ϫ formation ( Figure 5 ). The data showed that, in vitro , purified airway LPO was active in the production of this biocidal compound. The specific activity of sheep airway LPO was similar to sheep milk LPO and similar to published values for bovine milk LPO (18) . Iodide stimulation of 3,3 Ј ,5,5 Ј N,N -tetramethylbenzidine oxidation was virtually identical for sheep LPOs ( Figure 5 ) but different when compared with bovine milk LPO and canine MPO (6) . The enzymatic differences between sheep airway LPO and bovine milk LPO (6) may be due to species differ- (9) , and the sequenced peptide was identical to bovine LPO and distinct from other peroxidases. The underlined methionine is deduced from the CNBr cleavage mechanism. This comparison of sheep airway peroxidase sequence with other heme-peroxidases confirms that airway peroxidase is LPO. were assayed by measuring oxidation of 3,3Ј,5,5Ј-tetramethylbenzidine in the presence of varying concentrations of NaI, as described previously (6) . Activity is expressed relative to assay in the absence of NaI. ences or perhaps to differences in handling during purification. Similar differences have been reported between other secreted peroxidases and bovine milk LPO (19) (20) (21) and ascribed to species differences.
Thiocyanate in Sheep Airway Secretions
To function as a protective mechanism against infection, substrates for LPO must also be present in the airway lumen together with the secreted catalytically active LPO. H 2 O 2 and superoxide have been detected by us and others in airways of several species, including sheep (22), guinea pigs (23) , and humans (24) . Reports of SCN Ϫ in human sputum and bronchoalveolar lavage have been conflicting and previously ascribed to saliva contamination (11) . Our assays of sheep airway lavages, in which secretions undergo large dilutions during collection, demonstrated no detectable levels of SCN Ϫ ; however, suctioning of airway secretions from intubated sheep that prevents contamination with saliva showed that undiluted secretions contained 0.16 mM SCN Ϫ . This concentration of SCN Ϫ is within the normal range of human saliva (11, 25) , is high enough to serve as a substrate for LPO (18) , and is considered bacteriostatic (25) . This demonstration of SCN Ϫ in airway secretions, together with the detection of H 2 O 2 reported previously, and our identification of airway peroxidase as LPO, shows that all components of the LPO biocidal system are present in airways.
Role of Lactoperoxidase in Clearance of Bacteria from Airways
The hypothesis that the LPO system functions in vivo to maintain airway sterility was examined using experimental bacterial challenge of the sheep respiratory tract. Sheep were pretreated by aerosol with dapsone, an inhibitor of peroxidases including airway peroxidase (6), or treated with PBS as a control. The animals were then challenged by aerosol with P. haemolytica , a natural pathogen in sheep. Immediately after the challenge and sequentially thereafter, a sample of airway fluid was collected and a quantitative culture of these samples was performed. Sheep pretreated with dapsone had significantly slower clearance compared with control animals at 60 and 180 min after the challenge ( P Ͻ 0.05). After 60 min, a slight increase in CFU was noted in dapsone-treated animals, although this was not significantly different from the zero time point. The magnitude of bacterial clearance seen in these experiments is similar to that seen in vitro using human nasal secretions (26) . Dapsone inhibition of peroxidase activity caused a 100-fold change in the number of bacteria remaining in the airway after 1 h. This change in bacterial clearance suggested that peroxidase was a significant contributor to bacterial clearance from the airways. Thus, sheep whose airway LPO was inhibited by dapsone were compromised in their ability to clear viable bacteria from their airway (Figure 6 ).
To show that the result of the dapsone treatment was due primarily to inhibition of peroxidase activity and to rule out other effects such as depression of mucociliary velocity, dapsone-pretreated animals were administered bovine milk LPO by aerosol immediately after the bacterial challenge. In dapsone-treated animals, bovine LPO posttreatment reversed most of the effects of dapsone treatment, supporting that the effect of dapsone is primarily inhibition of endogenous peroxidase. This was not due to an unrelated effect of the LPO, as LPO treatment did not improve clearance of the PBS-pretreated control animals ( Figure 6 ). MPO from neutrophils is not expected to be a major contributor to H 2 O 2 metabolism in the sheep airway lumen before bacterial challenge (6, 7) . However, the infiltration of leukocytes into the airway lumen could contribute to endogenous peroxidase levels later, after bacterial challenge. Therefore, cell counts were performed on the secretions at the time of collection, and no white blood cells were detected in collected secretions at all time points, in all animals, as expected for the short time course of the experiment. Although dapsone could have an unknown effect on mucociliary clearance, it is not expected to act through inhibition of mucociliary clearance at the time points where our results are most significant because potent inhibitors of mucociliary clearance, e.g., atropine, have no effect on clearance of P. haemolytica from sheep airways during the first 2 h. In addition, the dapsone effect was reversed by adding exogenous LPO, an effect not expected if dapsone acted by inhibition of mucocilary clearance (13).
Thus, the major endogenous peroxidase responsible for increasing bacterial clearance is not likely to be MPO derived from leukocytes infiltrating the airway lumen, although some MPO may contribute to the dapsone inhibitable activity. These in vivo experiments show that inhibition of airway peroxidase enzymatic activity resulted in impaired clearance of inhaled bacteria that can be restored by addition of exogenous LPO. Thus, the LPO system may be an important component of normal airway mucosal defense.
Discussion
Previous descriptions of peroxidase in airway goblet cells and submucosal glands (3) (4) (5) (6) led to the proposal that endogenous airway peroxidase served as a defense against infection. Our experiments tested this hypothesis and showed that, in sheep, inhibiting the LPO system impaired bacterial clearance from the airway. The data also showed that sheep airway peroxidase is identical to LPO, that the LPO substrate SCN Ϫ is present in sheep airways, and that airway peroxidase catalyzes the formation of OSCN Ϫ in vitro. Taken together, these studies indicated that the LPO system is an important component of airway defense against infection.
The sequence similarity of sheep airway peroxidase to bovine and human milk LPO was within the range expected for species differences (80 to 95%). The amino acid sequence of airway LPO and the failure to detect non-LPO peroxidase sequences in tracheal mucosa cDNA demonstrated that airway peroxidase was LPO and was the major heme-containing peroxidase message in normal airways. Given the sequence identity of bovine and sheep LPO, the 5-kD difference in MW app between bovine and sheep LPO can only be due to species-specific differences in postsynthetic modifications, probably terminal sugars of N-linked oligosaccharides, and are not tissue-specific differences as sheep milk LPO was identical to sheep airway LPO. The previously reported minor differences in enzymatic activity of sheep airway and bovine milk LPOs (6) are not due to major differences in amino acid sequence and probably reflect the structural differences resulting from postsynthetic modifications or purification procedures.
Human salivary peroxidase has been cloned and shown to be identical to human milk LPO (27) , and our high stringency hybridization of sheep lacrimal gland cDNA with LPO probes indicates that lacrimal peroxidase is also likely LPO. The expression of LPO in airway, salivary, and lacrimal secretions suggests that LPO is a common feature of these epithelial defenses. That its expression appears to be constitutive in these mucosa, in contrast to the inducible expression of LPO during mammary gland milk production, suggests that LPO expression can be controlled by at least two different regulatory mechanisms. Studies by Kinbara and coworkers (5) indicate that airway peroxidase (i.e., LPO) may be regulated by still other stimuli, such as bacterial adherence or bacterial products, whereas studies by Watanabe and Harada (28) suggest that airway peroxidase is regulated by stimulation through beta adrenergic receptors. Whether airway LPO levels can be altered in response to hormone levels as seen in mammary tissue is not clear.
In addition to LPO protein expression and secretion, the regulation of LPO enzymatic levels must also depend on adequate levels of its substrates: SCN and H 2 O 2 . The regulation of airway concentrations of these substrates is poorly understood and clearly will be important to appreciate control of enzyme activity.
Our previous studies (6) reported high levels of peroxidase activity in sheep airway secretions, and it was expected that this high level of catalytic capability could have a major impact on metabolic events in the airway lumen. The identification of airway peroxidase as LPO and demonstration of enzyme activity indistinguishable from same species milk LPO suggested that airway peroxidase's potential functions and activities are those previously described by others for LPO, including that of an anti-infective system (2, 25) .
The magnitude of bacterial clearance seen in these experiments is similar to that seen in vitro using human nasal secretions (26) . At the 1-h time point, dapsone inhibition of peroxidase activity caused a 100-fold change in the number of bacteria remaining in the airway after 1 h. This change in bacterial clearance suggested that peroxidase was a significant contributor to bacterial clearance from the airways.
Dapsone was used in the in vivo studies because it is an inhibitor of peroxidases. Dapsone will inhibit neutrophil MPO catalyzed Cl Ϫ oxidation at the expected neutral pH found in airways, and for this reason our experiments were limited to 3 h after challenge with bacteria, where no neutrophils were detected in the samples. Thus, the immediate effect of dapsone on bacterial clearance from the airways is expected to be inhibition of endogenous airway peroxidase that we have shown to be primarily LPO. Dapsone itself can be antibacterial most notably in the case of mycobacteria. Any direct growth inhibition of the bacteria caused by dapsone would lower the number of bacteria in the airway and would appear as faster clearance than normal, not slower clearance as the data showed. In order to impact the significance of the bacterial clearance data, dapsone would have to act as a growth stimulant for P. haemolytica, an effect not previously reported for P. haemolytica or any other organism using dapsone or other related compounds.
P. haemolytica is catalase-positive and may provide the organism with protection from oxidizing effects of H 2 O 2 . Bacterial catalase is restricted to the cytoplasm or periplasm and thus would not be expected to significantly alter the availability of H 2 O 2 for use as a substrate by airway LPO; nor would the bacterial catalase provide protection against the OSCN Ϫ produced by LPO catalysis. Some bacteria do produce H 2 O 2 , and these organisms would perhaps increase the effectiveness of the LPO system by increasing available substrate, thus suggesting an organismspecific spectrum of LPO antibacterial activity.
LPO anti-infective activity is well investigated (2, 25) and has been shown to be effective against viruses (29) (30) (31) and fungi (32, 33) , as well as bacteria. Its effects in saliva are well studied, and several groups have shown that it is an effective contributor to oral defenses (34, 35) . We hypothesize that the LPO system is a significant contributor to the maintenance of airway sterility and only after this first line of defense is overcome does the organism recruit the more damaging activity of neutrophil MPO. This hypothesis is based on (1) the broad spectrum of LPO activity against infectious diseases; (2) the less damaging though less biocidal product of LPO catalysis whose continuous presence is more easily tolerated by epithelial cells than is the HOCl; and (3) its apparently constitutive expression in the airway.
The importance of chronic bacterial colonization of the airway in cystic fibrosis has focused attention on normal airway defense systems. Recently, defensin-like and ␤-defensin activities have been shown to contribute to bacterial killing by secretions of airway epithelial cells cultured at an air-liquid interface (36) and in implanted tracheal chambers (37) and that these activities are compromised in patients with cystic fibrosis (37) . The in vivo existence of the airway LPO system shown here complements these antibacterial systems and provides additional protection against viral (30, 31, 38) and fungal infections (32, 33) .
